Three kinds of methacrylate polymer liquid crystals (PLCs); a copolymer PLC (PLC) substituted with a photo-cross-Linkable 4-(4'-methoxycinnamoyl)oxybiphenyl (MCB) side group and a 4-methoxybiphenyl (4MB) side group (P1), a CPLC with a MCB side group and a 4-cyanobiphenyl (4CN) side group (P2) , and a PLC with a photocross-linkable 4-cinnamoyloxybiphenyl side group (P3), are synthesized . The thin films of these polymers are applied to a birefringent film by irradiation with linearly polarized ultraviolet (LPUV) light and subsequent annealing. Due to axis-selective photo-crosslinking, a small negative optical anisotropy is observed for all CPLCs after exposure to LPUV light. Thermal treatment in the liquid crystalline temperature range for Pl causes in-plane reorientation and results in an in-plane order parameter of 0.71 . In contrast, outof-plane reorientation is generated for P2 and P3. Three-dimensional molecular reorientation and inclined out-of-plane reorientation can be controlled by adjusting the exposure angle. The inclination direction is dependent on the type of the liquid crystalline phase and the side group.
Introduction
Irradiation with linearly polarized (LP) light upon photoreactive polymer liquid crystal (PLC) films induces reorientation of mesogenic groups. As a result, an optical anisotropy of the film is generated. [1] These films can be applied to functional optical devices such as memory devices, holographic elements and birefringent films. [2, 3] Several types of materials for the photoinduced reorientation have been reported, including azobenzene containing polymers and photo-crosslinkable polymers, and their photo-orientation behavior is investigated by means of LP-light exposure. [4] Among them, photo-control of threedimensional molecular orientation has received much attention since such birefringent films are applied to optical compensation films for a twistednematic liquid crystal display (TN-LCD) to improve its viewing-angle. [5] [6] [7] [8] [9] We have studied thermally enhanced photoorientation of methacrylate PLC films with a photo-cross-linkable mesogenic side group containing a cinnamoyl group. [5, [10] [11] [12] In our system, the irradiation with LP-ultraviolet (LPUV) light generates an axis-selective photo-crosslinking, and the resultant photo-cross-linked mesogenic groups act as the command groups in bulk, which control the thermally-enhanced reorientation behavior of the film. The reorientation direction of the mesogenic groups is found to be parallel to the polarization direction (E) of LPUV light. High degree of in-plane orientation is achieved for a PLC with a 4-(4'-methoxycinnamoyl)oxybiphenyl (MCB) side group, where the order parameter is 0.68. Threedimensional reorientation of the film is also reported by the use of slantwise exposure. [5] Additionally, a small degree of out-of-plane orientation of the mesogenic groups in methacrylate CPLCs with a 4-cinnamoyloxy-ethoxybiphenyl (4CEB) mesogenic side group is observed by adjusting the length of the spacer between the mesogenic group and main chain. [13] In this paper, to exploit both in-plane and outof-plane molecular alignment with high orientational order, new CPLCs with a MCB side group and a non-photoreactive mesogenic group of 4-methoxybiphenyl (4MB) or 4-cyanobiphenyl (4CN) (P1 and P2 shown in Fig. 1 ) are synthesized. A homopolymer PLC with a 4-cinnamoyloxybiphenyl (4CB) mesogenic side group, P3, is also used. [14] The orientational behavior of the film is investigated using a polarized optical microscope and by polarization UV vis spectroscopy. A highest in-plane orientational order of 0.71 is achieved for P1, whereas high degree of out-of-plane reorientation is observed for P2 and P3. Furthermore, three-dimensional reorientation can be controlled by adjusting the exposure angle, and the inclination direction is dependent on the kind of CPLC and annealing temperature.
Experimental 2.1. Materials
All CPLCs were synthesized by a radical solution polymerization from corresponding monomers in THE at 53°C. The methacrylate monomers were synthesized and characterized according to the literature. [14, 15] Weight average of molecular weight of the synthesized polymers is about 100,000 g/mol. Tab. 1 summarizes copolymer composition and thermal property of synthesized polymers.
Photoirradiation and characterization
Thin films of CPLC are prepared by a spincoating method on a quartz substrate, resulting in a 0.2 -0.5 ,um-thick film. The film was irradiated by light from a 250W high-pressure Hg-UV lamp (50 mW/cm2 at 313 nm) equipped with Glan-Tayor polarization prisms and a cut-off filter below 290 nm. After the irradiation, the film was annealed at the LC temperature range of the CPLCs. The induced optical anisotropy of the film was measured by a polarizing microscopy and polarization UV vis spectroscopy. The in-plane order parameter, S, and the out-ofplane order parameter, Sh, [16] are expressed in the form of equation 1 and 2, respectively;
where A" and Al are the absorbances parallel and perpendicular to E, respectively. %large) is taken to be the larger value of A" and Al, and \smalJ) is taken to be the smaller one. AaMea~ea and Ainadiated are the average absorbances of A" and A~ from the annealed film and the initial irradiated film, respectively. S and Sh are calculated by polarized UV vis spectroscopy. The three-dimensional orientation of the mesogenic groups is analyzed by polarized UV absorption spectroscopy after changing the angle of the incident p-and spolarized probe-beams according to a method previously described. [11] 3. Results and discussion 3. axis-selective photoreaction of the cinnamoyl group for all CPLCs. On the other hand, annealing of the exposed film at the LC temperature range induces reorientation of mesogenic groups. [10] For P1, annealing of the exposed film increases the absorption parallel to E (A,1), and decreases it in perpendicular (A1), similar to PLC with a MCB side group. [12] This is because of the cooperative in-plane reorientation of both mesogenic groups parallel to E. Additionally, the average absorbance ((A,1+A1)/2) after the annealing is larger than that before annealing, indicating that most of the mesogenic groups realign homogeneously. The S value at 269 nm is amplified from -0.03 to +0.71. In contrast, for P2 and P3, thermal amplification of positive optical anisotropy is very small, especially for P2, and the absorption for both polarization directions is decreased after the annealing. Note that film P2 is annealed at the smectic temperature range, while P3 is annealed at the nematic one. The induced S is +0.02 for P2 and +0.18 for P3, respectively. Films P2 and P3 will reorient to the out-of-plane direction, since a significant decrease in the absorption after annealing is known to imply the out-of-plane reorientation of mesogenic groups. [3, 14] 3.3. Influence of annealing temperature Fig. 3a and 3b plot changes in the in-plane order parameter, S, and out-of-plane one, Sh, of P1 at 269 nm, P2 at 298 nm and P3 at 273 nm, respectively, after exposure to LPUV light and subsequent annealing, as a function of annealing temperature. It shows that large S (>0.65) is generated when the film is annealed at the nematic temperature range for P1, whereas Sh is close to zero. The annealing over Ti results in no reorientation because of high mobility of the mesogenic groups. These results support that most of the mesogenic groups align homogeneously and the reorientation direction is parallel to E. On the other hand, S for P2 is close to zero regardless of the annealing temperature, and large Sh value of 0.55 is generated when the film is annealed at the smectic temperature range of the polymer. Similar tendency is observed for P3, but small positive S (--0.2) is obtained when the film is annealed at the nematic temperature range as shown in Fig.3a . The Sh in the nematic temperature range is about 0.4. Largest Sh value of 0.68 is obtained when the film is annealed at the smectic temperature range of 148° C. In this case, decrease in the absorption for both polarization directions is much larger than that shown in Fig. 2c , where the film is annealed at nematic temperature range of 180°C, and S value is close to zero.
These results indicate that annealing procedure induces the out-of-plane reorientation of the CPLC films with a smectic LC character. Photo-crosslinking should be needed for the efficient out-ofplane reorientation because annealing procedure onto a non-exposed film results in little change in Fig. 2 . UV polarization spectrum of CPLC films befor irradiation after irradiation, and after subsequen annealing. All is shown as the solid lines and Al i shown as the dotted lines. (a) P1 was irradiated for 0.; Jcm-2 and was annealed at 150°C, (b) P2 was irradiated fo 1.8 Jcm2 and was annealed at 150°C, (c) P3 was irradiate for 0.8 Jcm2 and was annealed at 180°C. the absorption spectrum for P2, and in molecular aggregation for P3. Therefore, photo-cross-linked mesogenic groups will control the out-of-plane reorientation, and they prevent the molecular aggregation through annealing in the smectic LC temperature range. Additionally, nematic LC character is required to induce the thermally enhanced in-plane reorientation of CPLC film.
Three-dimensional molecular orientation
Since the photo-cross-linked mesogenic groups parallel to E triggers the thermally enhanced molecular reorientation of the film, threedimensional reorientation should be feasible by means of slantwise irradiation. For P1, a large uniaxial orientation parallel to E of LPUV light can be obtained by an oblique p-polarized LPUV light exposure, similar to the case of homopolymer with a CMB side group. [5] orientation as illustrated in Fig. 5 . The s-polarized beam does not display an angular dependence. Additionally, the orientational order parameter S at the angle of 0 is larger than 0.65 in all cases.
In contrast, an inclined out-of-plane orientation is observed for films P2 and P3. Fig. 4b plots the absorption at 298 nm of film P2 after annealing as a function of a, when 0 is 30° and 45°, respectively. It reveals that absorption minimum for p-polarized beam appeared in the opposite direction to the angle of incident LPUV light. This means that there is an inclination of the out-of-plane reorientation to a direction opposite of the incident LPUV light. The inclination angle increases slightly with increasing 0. This case also shows no angular dependence for the s-polarized beam. Therefore, the photo-cross-linked mesogenic groups may tilt other mesogenic groups towards their direction through annealing, and adjusting the angle of incident LPUV light may control the inclination of oriented mesogenic groups.
On the other hand, for P3, the absorption minimum for p-polarized beam is observed in the same direction to the angle of incident LPUV light when the film is annealed at 148°C. And the inclination of out-of-plane molecular orientation can be verified as shown in Fig. 4c . Additionally, the same out-of-plane orientation behavior is obtained by irradiation with a non-polarized UV light obliquely. This means that non-photo-crosslinked mesogenic groups may control the inclination direction of the mesogenic groups for film P3, similarly to the slantwise LP light exposure of azobenzene-containing PLC films. [17, 18] The inclination of the out-of-plane reorientation can be evaluated by a conoscopic observation as shown in Fig. 6 . It displays that the inclination direction of P2 is different from that of P3, and the inclination angle is about 2-3° for both films. The inclination angle of the mesogenic groups is smaller than the irradiation angle. This will be a consequence of a strong out-of-plane orientation tendency of the mesogenic groups through annealing.
Conclusion
We described thermally enhanced in-plane and out-of-plane reorientation of mesogenic groups in photo-cross-linkable (co)polymer liquid crystal films of P1, P2 and P3. By irradiating with LPUV light and subsequent annealing, cooperative inplane reorientation occurred parallel to E of LPUV light for P1 with the highest in-plane order of 0.71. Three-dimensional molecular orientation with high orientational order is also affordable by the oblique exposure. In contrast, out-of-plane orientation is achieved for P2 and P3, and the oblique exposure affords the homeotropic orientation with small tilt angle. These results demonstrate that adjusting the exposure angle of LPUV light can control the angle of molecular orientation. We anticipate that these films will be applicable to functional optical devices such as a birefringent film for liquid crystal displays. 
